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Abstract 
This paper presents an investigation of how different culture media (i.e. basal and osteogenic 
media) affect the nanomechanical properties and microstructure of the mineralized matrix 
produced by the human mesenchymal stem cell line Y201, from both an experimental and 
theoretical approach. A bone nodule (i.e. mineralized matrix) cultured from basal medium 
shows a more anisotropic microstructure compared to its counterpart cultured from an 
osteogenic medium. As confirmed by finite element simulations, this anisotropic 
microstructure explains the bimodal distribution of the corresponding mechanical properties 
very well. The overall nanomechanical response of the bone nodule from the osteogenic 
medium is poorer compared to its counterpart from the basal medium. The bone nodules, 
from both basal and osteogenic media, have shown reverse aging effects in terms of 
mechanical properties. These are possibly due to the fact that cell proliferation outcompetes 
the mineralization process. 
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1. Introduction 
Tissue engineering is the use of a combination of cells, biomaterials and suitable 
biochemical and physicochemical factors to improve or replace biological tissues. In the last 
decades, biomaterial scaffolds have been widely used in bone tissue engineering [1-5]. 
Scaffolds with various combinations of constituents are designed to achieve a better 
biofunctionality and mechanical strength. Of these, cell-based materials have provided exciting 
prospects for future exploitation [6-8]. Very recently, genetic modified cells have been adopted 
[9]. The immortalized cell line Y201 derived from human mesenchymal stem cells (hMSCs) 
circumvents the issues of limited life-span and high variability of hMSCs [10, 11]. However, 
whether these cells may proliferate in suitable manner and produce appropriate mineralized 
matrix for given cell culture conditions remains elusive, which is essential for bone regeneration. 
To achieve this, it is essential to understand the properties of the mineralized matrix 
synthesized by these cells [3, 12-14]. Due to its inhomogeneity in both chemistry and 
microstructure, the nanomechanical properties of such inhomogeneous materials are difficult 
to be reliably measured, especially for a thin layer of mineralized matrix. 
Nanoindentation has proven an effective technique to assess the nanomechanical properties 
of natural tissues such as bone and biological cells [15-22]. Our previous work has 
demonstrated that the measured apparent elastic modulus generally has a bimodal distribution 
and the Gaussian mixture model enabled us to extract properties for two components in the 
matrix [23]. However, there is a lack of comprehensive studies on how cell culture conditions 
would affect the new tissue formation and the mechanical properties of these new tissues. This 
is important for us to understand the cell-material interactions and the influence of chemical 
stimuli on biological processes, which will provide an invaluable guideline for scaffold material 
design and optimising cell culture conditions.   
Therefore, in this study, we adopted nanoindentation to characterize the mechanical 
properties of the mineralized matrix synthesized by the immortalized cell line Y201 from 
hMSCs cultured in basal and osteogenic media for different periods. To reveal more insights 
into the nanoindentation response of these complex materials, finite element modelling was 
also employed. 
Native mature bone always presents an aging effect in its mechanical properties [24-26]. It 
has been reported that there is a gradual decrease in mechanical properties (stiffness, strength, 
and toughness) of human femoral bone with age [25]. However, the possible aging effect of the 
mineralized matrix (i.e. early stage bone nodule) has never been reported. This is also studied 
in this work.  
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2. Materials and Methods 
2.1 Sample Preparation 
An immortalized hMSC line overexpressing human telomerase reverse transcriptase 
(hTERT) (Y201), which is a highly characterized clonal MSC line that exhibits tri-lineage 
differentiation capacity [9], was expanded in culture medium containing Dulbecco's modified 
Eagle's Medium with 10% fetal bovine serum, 20 mM Glutamax and Penicillin/Streptomycin 
1,00 U/ml without further characterisation and passaged when cells reached approximate 80% 
confluency. An osteogenic medium containing culture medium supplemented with 50 μg/ml l-
ascorbic acid, 10 mM glycerophosphate and 100 nM dexamethasone was used as comparison 
[27-29].  
Y201 cells were trypsinized and seeded at 15,000 cells/cm2 onto 13 mm diameter glass 
slides and were allowed to adhere for 4 hours. They were then cultured in basal and osteogenic 
media (BM and OM) for 7, 14 and 21 days. For samples cultured in the OM, the cells grow so 
fast that they detached from the substrate on day 21 and thus no samples were harvested from 
this period. The medium was replenished every three days. For each given cell culture condition, 
3 samples were measured in each experiment.  
In order to study the collagen fibre distribution, additional samples were demineralized by 
immersing the samples in an ethylenediaminetetraacetic acid (EDTA) solution (0.5 M, pH 7.4) 
for 6 hours to dissolve the mineral phase. After that, each sample was gently rinsed in deionized 
water several times to remove the EDTA [30]. The thickness of the matrix layer was measured 
by ball cratering (Pascall Engineering Co. Ltd., Sussex, UK). In this study, the thickness is 
18.5±8.4 μm at the centre of the sample. 
 
2.2 Surface analysis 
Prior to nanomechanical tests, a ZYGO 5000 profilometer (ZYGO Corporation, 
Middlefield, CT, USA) was used to measure the surface roughness of the samples. The surface 
morphology and chemical composition were analysed by scanning electron microscopy (SEM) 
(HITACHI TM3030, Hitachi High-Technologies, Wokingham, UK), which was equipped with 
energy-dispersive X-ray spectroscopy (EDS) for elemental analysis.  
Extensive research has reported that collagen fibres can be observed under polarized light 
microscopy due to their birefringent property [31-36]. Thus, the collagen fibre analysis of 
demineralized samples was performed with an Olympus BH2-UMA polarizing microscope 
(Olympus Europa GmbH, Hamburg, Germany).  
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2.3 Nanoindentation 
Nanoindentation tests were performed with a Hysitron Triboindenter (Hysitron Inc., 
Minneapolis, MN, USA), fitted with a Berkovich diamond indenter. Measurement of the 
nanomechanical characteristics of mineralized matrix is challenging due to its inhomogeneity 
at the scale of the deforming volume, which was described in our previous preliminary work 
[23]. In this study, a multi-cycling test protocol with peak load varying from 1000 μN to 9000 
µN was employed. This protocol enables examining the depth-dependent responses at a given 
location [37]. The indention tests were made at the centre of the samples. The machine stiffness 
and tip shape were accurately calibrated using a fused silica standard and the method of Oliver 
and Pharr [38]. The elastic modulus and hardness were determined by the Oliver and Pharr 
method [38], using 
𝑆𝑆 = 𝑑𝑑𝑑𝑑
𝑑𝑑ℎ
= 2
√𝜋𝜋
𝐸𝐸𝑟𝑟√𝐴𝐴                   (1) 
𝐻𝐻 = 𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚
𝐴𝐴
                                     (2) 
where S is the contact stiffness at peak load calculated from the slope of the upper part of the 
unloading curve, P is the indentation force, h is the displacement, A is the contact area between 
the tip and sample, and 𝐸𝐸𝑟𝑟 is the reduced modulus of the material which is given by 1
𝐸𝐸𝑟𝑟
= 1 − 𝑣𝑣𝑠𝑠2
𝐸𝐸𝑠𝑠
+ 1 − 𝑣𝑣𝑡𝑡2
𝐸𝐸𝑡𝑡
              (3) 
where E and v are elastic modulus and Poisson’s ratio, respectively. The subscripts s and t stand 
for sample and tip. For each sample, at least 64 indents were made. Elastic modulus and 
hardness results were expressed as arithmetic mean values with standard deviation (SD).  
 
2.4 Statistical analysis 
To determine the significant differences in properties between different media and culture 
periods, two sample t-tests assuming unequal variances (α=0.05) were conducted to assess the 
P-value between the mechanical properties of samples cultured at different conditions. A 
Gaussian mixture model was adopted to separate the anisotropic mechanical properties of the 
mineralized matrix from the complex nanoindentation results. In this model, by assuming that 
the elastic modulus or hardness distribution of each individual component follows a Gaussian 
distribution, the probability distribution function of elastic modulus or hardness, f(x), is then 
given by 
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𝑓𝑓(𝑥𝑥) = �𝑤𝑤𝑖𝑖𝑓𝑓𝑖𝑖(𝑥𝑥)𝑚𝑚
𝑖𝑖=1
                    (4) 
�𝑤𝑤𝑖𝑖 = 1𝑚𝑚
𝑖𝑖=1
                                    (5) 
𝑓𝑓𝑖𝑖(𝑥𝑥) = 𝑁𝑁(𝜇𝜇𝑖𝑖,𝜎𝜎𝑖𝑖)                        (6) 
where m is the number of the components, 𝑤𝑤𝑖𝑖 and 𝑓𝑓𝑖𝑖(𝑥𝑥) are volume fraction and Gaussian 
distribution for component i, respectively. A Matlab code was written to complete this statistical 
analysis. Different m values have been assumed (i.e. 1, 2, 3…), but only m=2 gives the best 
fitting results. More details about the nanoindentation protocols and statistical analysis methods 
used here can be found in our previous work [23]. 
 
2.5 Finite element modelling 
To further understand the nanoindentation responses of the mineralized matrix, finite 
element modelling (FEM) was employed [39, 40]. As found in our previous study [23], the 
distribution of apparent elastic modulus generally appeared to be bimodal. This may be 
attributed to transversely isotropic properties or two components with different mechanical 
properties. Therefore, in this study we examined these two cases by assuming a transversely 
isotropic material or the matrix composed of two components in the FE model. A conical tip 
with equivalent semi-apical angle to a Berkovich indenter was used. This is a reasonable 
assumption for investigating the elastic responses.  
As illustrated in Fig.1a, part 1 and part 2 present (i) the transversely isotropic properties of 
the matrix in two perpendicular directions, or (ii) the isotropic properties of mature and 
immature matrix, respectively. In the former case, the elastic modulus of the transversely 
isotropic fibre was set as 15 GPa in the transverse direction, and 28 GPa in the longitudinal 
direction. In the latter case, the elastic modulus of mature and immature bone nodules was set 
as 28 GPa and 15 GPa, respectively. The selected elastic moduli are within the range of our 
experimental measurements. The Poisson’s ratio in both cases was assumed to be 0.3. As 
illustrated in Fig.1b, different locations were indented by a conical tip with tip radius of 0.01 
µm: indented on each individual part (point A, I), indented at their interface (point E), and 
indented at points that are 0.25 µm (point D, F), 0.5 µm (point C, G), and 1 µm (point B, H) 
away from the interface. For the case of indention on each individual part, the properties of the 
two parts were set to be the same and the indentation occurred at the centre of the model. The 
model was created in ABAQUS 6.13 software. As shown in Fig.1c, only half of the whole 
system was modelled by employing the symmetric boundary condition, a flat surface was 
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assumed, a frictionless contact between the indenter and the model was assumed, and the tip 
was modelled as a rigid body. The interface between part 1 and part 2 was assumed to be 
perfectly bonded. A completely fixed boundary condition was applied to the bottom of the 
model. A total of 48,580 linear C3D8R eight-node elements was used, with denser mesh created 
underneath the indenter. The height and the width of the model were sufficiently large compared 
to the indentation depth so that the simulated response was not significantly affected by the 
boundaries. Displacement control was applied to a loading-unloading protocol with a maximum 
indentation depth of 0.1 to 0.7 μm in each case. The elastic modulus of the model was 
determined from the force-displacement data generated by using the Oliver and Pharr method. 
(a)   
(b)  
Part 1 Part 2 
Indenter 
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(c)   
Fig.1. Schematic of (a) the model with distribution of different indented locations, (b) 
vertical distance of each indentation points away from the interface, and (c) the meshes for the 
model. 
 
3. Results and discussion 
3.1 Surface analysis 
For each sample, surface roughness (the arithmetic average roughness, Ra) was measured 
several times at different locations near the sample centre. As shown in Table 1, the surface 
roughness for all the samples shows a positive correlation with the culture period for both 
culture media. In a fixed cell culture period, there is no significant difference between the 
roughness of samples cultured in BM and OM. This suggests that the surface roughness of the 
matrix is affected by the growth of the cells, rather than by the culture media.  
Table 1. Surface roughness of the samples for different culture periods in BM and OM.  
Media Sample 
Average surface roughness ± SD (nm) 
day 7 day 14 day 21 
BM 1 102.2±6.3 174.8±31.4 387±57.2 
2 108.6±17.2 204.0±34.7 215.4±23.8 
3 100.0±20.0 198.2±30.6 196.8±18.4 
OM 1 115.6±16.5 192.2±21.2 - 
2 147.4±7.9 177.6±21.9 - 
3 107.6±12.7 181.0±14.2 - 
Part 1 
Part 2 
Indenter 
Transversely 
isotropic fibres 
(Two-component 
composite) 
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Mineral particles were clearly observed on the samples cultured in BM for 21 days in SEM 
micrographs. The chemical composition of the observed minerals was analyzed by EDS, with 
the corresponding spectrum shown in Fig.2. The important characteristic of these minerals is 
the Ca/P ratio, as this ratio is related to the quality of bone [41-43]. The average Ca/P ratio (by 
weight) of these minerals is equal to 1.96±0.10; this value agrees well with the reported value 
(1.74-2.37) of a native femoral trabecular bone [41]. 
 
Fig.2. EDS spectrum for the minerals observed on the sample cultured in BM for 21 days. 
 
In order to reveal more microstructural details of these extracellular matrix, polarized light 
images of these samples were generated. As an example, the polarized light images of samples 
harvested from day 14 are shown in Fig.3; collagen fibre bundles (bright spots) can be identified. 
They are well-aligned on the samples cultured in BM and randomly distributed on the samples 
cultured in OM, which suggests that the samples from BM will show anisotropic mechanical 
properties and the samples from OM will show relatively isotropic mechanical properties [44]. 
For samples harvested from day 7 and day 21, a similar observation was found.  
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(a) (c)  
(b) (d)  
Fig.3. Representative polarized light images of samples harvested from (a, b) day 14, BM, (c, 
d) day 14, OM. Among them, image (a, c) are samples viewed with parallel polars, and image 
(b, d) are the same field viewed with crossed polars. 
 
3.2 Nanoindentation results 
3.2.1 The apparent elastic modulus and hardness 
By analyzing the force-displacement curves, spatial dependent Young’s modulus and 
hardness values were determined as a function of contact depth, as plotted in Fig.4 and Fig.5. 
In the given load range (1-9 mN), the average Young’s modulus of samples cultured in the BM 
changes in the range of 18.7-27.7 GPa at day 7. These values decrease to 17.4-18.9 GPa at day 
14 and 15.9-18.1 GPa at day 21. In the same load range, the average Young’s modulus of 
samples cultured in the OM is in the range of 22.5-27.0 GPa at day 7. These values decrease to 
11.1-14.2 GPa at day 14. In general, for all the samples, the measured Young’s moduli decrease with the contact depth across the entire load range. Similar to the Young’s moduli, 
20μm 
Day14 OM 
Day14 BM Day14 OM 
Day14 BM 
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the measured hardness values also decrease with the cell culture period. 
For elastic modulus, it has been reported that the modulus of collagen in nanoindentation 
ranges from 1.71 GPa to 3.31 GPa [45], the modulus of mouse femur is 10.76±1.61 GPa [46], 
and the modulus of human vertebral trabeculae is from 11.3 GPa to 15.8 GPa [47]. Thus, the 
elastic modulus of the matrix is similar to native bone after 7 to 14 days, and the relatively high 
Young’s modulus of mineralized matrix in contrast to the collagen fibres indicates that the 
matrix is highly mineralized [45, 48]. This may suggest the matrix has a highly inhomogeneous 
structure near the surface. When the contact depth is below 450 nm, there is strong depth 
dependent behaviour for day 7 samples (both BM and OM). This indicates that the elastic 
modulus will be highly affected by the porous surface structure at shallow contact depth, 
especially for day 7 samples. With an increase of contact depth, the porous structure underneath 
the indenter is compressed, pores are closed up and then the corresponding elastic modulus 
becomes more stable. 
 (a)  
0
10
20
30
40
50
100 200 300 400 500 600 700
E (GPa
)
Contact depth (nm)
Day7 BMDay14 BMDay21 BM
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(b)  
Fig.4. Young’s modulus (± SD) of samples cultured in (a) BM and (b) OM (p<0.001), as a 
function of average contact depth for nanoindentation tests in the peak load range 1-9 mN. 
(a)  
0
10
20
30
40
100 200 300 400 500 600 700
E (GPa
)
Contact depth (nm)
Day7 OMDay14 OM
-0.50
0.51
1.52
2.53
3.54
100 200 300 400 500 600 700
H (GPa
)
Contact depth (nm)
Day7 BMDay14 BMDay21 BM
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(b)  
Fig.5. Hardness (± SD) of samples cultured in (a) BM and (b) OM (p<0.001), as a function of 
average contact depth for nanoindentation tests in the peak load range 1-9 mN. 
It is also interesting to investigate the distribution of the measured apparent elastic modulus. 
It was reported elsewhere that the engineered bone can have a wide distribution of 
nanoindentation modulus [15, 16]. For example, Fig.6 shows the distribution of the 
nanoindentation modulus for an engineered bone produced by the C3H10T1/2 MSC line grown 
in vivo for 28 days [15]. For comparison, Fig.7 displays histograms of elastic modulus for 
mineralized matrix samples at the same peak loads (i.e. 1000 µN and 7000 µN). Similar to the 
data shown in Fig.6, the distribution of modulus for all the BM samples shown in Fig.7 also 
presents a multimodal distribution at lower peak loads, and a homogenized response at higher 
peak loads (with comparable peak modulus values). This may suggest that the mineralized 
matrix produced by Y201 MSCs is similar to mature bone matrix produced by C3H10T1/2 
MSCs. For samples cultured in the OM, this multimodal distribution can only be observed on 
day 7. The measured Young’s modulus decreases from day 7 to day 14, but the variation of the 
Young’s modulus is relatively stable with the change of the indentation force. This may suggest 
that the matrix cultured from the OM is more uniform than the matrix cultured from the BM, 
just like the collagen fibre distribution shown in the previous polarized light images (Fig.3).  
-0.50
0.51
1.52
2.53
3.5
100 200 300 400 500 600 700
H (GPa
)
Contact depth (nm)
Day7 OMDay14 OM
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Fig.6. Histograms of elastic modulus for reported engineered bone produced by C3H10T1/2 
MSC line grown in vivo for 28 days [15]. 
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(b)  
(c)  
Fig.7. Histograms of elastic modulus for mineralized matrix samples cultured from (a) day 7, 
(b) day 14 and (c) day 21, tested at two different peak loads (1000 µN and 7000 µN). 
 
In the given load range (1-9 mN), the average hardness of samples cultured in the BM 
varies between 1.78-2.14 GPa at day 7. These values decrease to 0.45-1.05 GPa at day 14 and 
0.35-0.81 GPa at day 21. The average hardness of samples cultured in the OM varies between 
0.85-1.85 GPa at day 7 and then decreases to 0.29-0.70 GPa at day 14. This shows that, in the 
same period, the hardness of the matrix from BM is greater than that from OM. For both BM 
and OM, the hardness of the matrix decreases with increasing culture period, and the values 
(both hardness and SD) from day 7 are much bigger than values from day 14 and day 21. This 
may indicate that the matrix from day 7 is relatively thin and highly affected by the substrate, 
and the corresponding collagen fibres are not yet well aligned. The measured hardness values 
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at day 7 (both BM and OM) are much more scattered compared to the rest of the samples. This 
may suggest that the hardness of the matrix at day 7 is highly affected by its porous 
heterogeneous structure. It has been reported that the hardness of canine cortical bone in 
nanoindentation is 0.638±0.152 GPa within Haversian systems or 0.792±0.144 GPa within non-
Haversian areas [49], and the hardness of human cortical bone is 0.85±0.45 GPa measured by 
a multi-cycling test [50]. This indicates that, compared to the hardness of cortical bone, the 
matrix cultured in both BM and OM for 7 days is relatively stiff, and the matrix cultured in both 
BM and OM for 14 and 21 days is more similar to native bone. 
 
3.2.2 Data analysis by the Gaussian mixture model 
The structure and composition of biological tissues are often complex, which leads to a 
complicated mechanical response in a nanoindentation test [51-53]. It has been reported that 
the Young’s modulus of cortical bone is anisotropic [48, 54]. For dehydrated human tibial 
cortical bone, the elastic modulus of osteogenic lamellae measured by nanoindentation is 14-
19 GPa in the transverse direction, and 23-27 GPa in the longitudinal direction. The elastic 
modulus of interstitial lamellae is 17-21 GPa in the transverse direction, and 25-29 GPa in the 
longitudinal direction [55]. Thus, the mineralized matrix may also be anisotropic like the bone 
tissue.  
Fig.8 depicts the representative distributions of Young’s modulus for the matrix harvested 
from BM and OM after 14 days, tested at a peak load of 1000 µN. Similar to our previous study, 
the Gaussian mixture model enables us to extract two components of the nanoindentation 
modulus and hardness for the matrix in BM and OM (as shown in Fig.9 and Fig.10). For 
samples cultured in BM, the Young’s modulus of component 1 is approximately 10-17 GPa, 
which seems almost independent of cell culture period. The Young’s modulus of component 2 
is approximately 28-34 GPa at day 7, and after day 7, this value decreases to 20-25 GPa. The 
hardness of component 1 is about 0.3-0.7 GPa, and is also almost independent of culture period. 
The hardness of component 2 is 2.52-2.84 GPa at day 7, this value decreases to 0.97-1.75 GPa 
at day 14, and further decreases to 0.6-1.27 GPa at day 21. For samples cultured in the OM, it 
seems that the elastic modulus and hardness are dependent on the cell culture period. From day 
7 to day 14, the elastic modulus of component 1 decreases from 21.6-23.7 GPa to 7.8-11.4 GPa, 
and the elastic modulus of component 2 decreases from 22.8-28.4 GPa to 13.4-19.6 GPa. The 
hardness of component 1 decreases from 0.42-1.15 GPa to 0.24-0.57 GPa, and the hardness of 
component 2 decreases from 2.04-2.96 GPa to 0.39-0.90 GPa in the same period. To further 
investigate the aging and culture medium effects on the mechanical properties, the mean values 
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of Young’s modulus and hardness of each component are taken across the entire contact depth 
range, which is shown in Fig.11. For samples cultured in the BM, both the Young’s modulus 
and hardness values of component 1 are almost independent of culture period, but those of 
component 2 decrease with increasing culture period. For samples cultured in OM, both the 
Young’s modulus and hardness of each component decrease from day 7 to day 14. It has been 
reported that a high seeding density (higher than 5000 cells/cm2) will lead to the detachment 
of the cell layers between day 12 and day 16 [56]. Thus, according to the seeding density in this 
study (15000 cells/cm2), the decrease of the stiffness and hardness is probably due to the fact 
that the early stage of cell detachment occurs before day 14. 
(a)  
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(b)  
Fig.8. Representative distributions of Young’s modulus for the matrix harvested from (a) day 
14, BM, (b) day 14, OM, tested at a peak load of 1000 µN.  
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(b)  
(c)  
Fig.9. Young’s modulus of two different components in the matrix cultured in different media 
for (a) 7 days, (b) 14 days and (c) 21 days determined by the Gaussian mixture model for 
nanoindentation tests in the peak load range 1-9 mN. 
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(c)  
Fig.10. Hardness of two different components in the matrix cultured in different media for (a) 
7 days, (b) 14 days and (c) 21 days, determined by the Gaussian mixture model for 
nanoindentation tests in the peak load range 1-9 mN. 
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(b)  
Fig.11. (a) The Young’s modulus and (b) hardness of each component in the matrix cultured 
in different media as a function of culture period. 
 
From this simple analysis it is not possible to determine the cause of these differences in 
properties; the two components can be due to the elastic modulus mismatch in the longitudinal 
and transverse directions (i.e. transverse isotropy) or it may also be attributed to the two 
components with different mechanical properties. For native bone, the transversely isotropic 
properties can be evident in various native strain regions (such as compressive strain region, 
tensile strain region and the neutral axis of bending) [57]. If we assume that a similar transverse 
characteristic is also presented in the mineralized matrix, we could investigate its anisotropy 
ratio to determine if this is a suitable explanation. Fig.12 illustrates the anisotropy ratio of elastic 
modulus and hardness between component 1 and component 2 for different samples, as a 
function of peak loading force. In Fig.12a, a higher elastic anisotropy ratio can be observed at 
day 7 for samples cultured in BM (especially when contact depth is smaller than approximately 
250 nm), and in Fig.12b, the ratio is much lower on day 7 for samples cultured in OM. As 
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After day 14, the anisotropy ratio of hardness becomes independent of the average contact depth, 
with the value changing between 2.2-3.0 for samples cultured in BM and 1.5-1.6 for samples 
cultured in OM. These observations agree with the previous polarized light results (Fig.3), 
namely, the matrix cultured from the OM is more uniform than the matrix cultured from the 
BM. Moreover, it has been reported that the elastic anisotropy ratio of human vertebral 
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trabeculae is 1.18-1.27 [47], and the ratio for bone tissue from the canine radius of the adult 
foxhound is 1.334±0.007, and this value reduces to 1.141±0.029 after demineralization or 
increases to 1.658±0.107 after deproteinization [57]. This indicates that, after 7 to 14 days, the 
elastic anisotropy ratios of the samples (cultured in both BM and OM) are similar to those from 
native bone. The relatively high elastic anisotropy ratio of samples cultured in BM for 7 days 
may result from both the porous surface at small contact depths and the lower protein content 
in the sample. In contrast, the anisotropy of properties of mineralized matrix cultured in OM is 
not clear until day 14. The two components are relatively compliant, which may indicate that 
OM promotes cell proliferation rather than mineralization.  
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(c)  
(d)  
Fig.12. The depth dependent elastic anisotropy ratio for samples cultured in (a) BM and (b) 
OM, and hardness anisotropic ratio for samples cultured in (c) BM and (d) OM, as a function 
of contact depth for nanoindentation tests in the peak load range 1-9 mN. 
 
3.3 Finite element simulations  
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slightly overestimates the modulus obtained from the FEA results for anisotropic materials [39, 
40]. From a qualitative perspective, it can be seen that transversely isotropic and two-
component assumptions lead to similar pattern of the nanoindentation modulus variation with 
indentation penetration. With reducing the distance between the indentation point and the 
interface (point E), the effect from the other part is increasing. A multimodal distribution of 
elastic modulus for mineralized matrix can be observed at lower indentation depth. By contrast, 
this elastic modulus is scattered and reaches the equilibrium value at larger indentation depth. 
The values obtained at the same penetrations and locations for both cases are very similar with 
a deviation between 5-12%. For both cases, the distribution of the apparent nanoindentation 
modulus is not as wide as that observed in the experimental measurements.  
 (a)  
(b)  
Fig.13. The elastic modulus of the numerical model indented at different locations (as 
illustrated in Fig.1) around the interface between (a) two orthogonal fibres, and (b) mature 
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and immature bone nodules. 
 
4. Conclusions 
In this study, the nanoindentation with multi-cycling protocol proved to be effective to 
study how the nanomechanical properties of the matrix synthesized by the cell would be 
affected by cell culture media and culture duration. Together with surface analysis and FEA, 
the correlation between the sample microstructure and nanomechanics has been studied. 
Nanoindentation tests have revealed that the stiffness and hardness of bone nodules (i.e. 
mineralized matrix) produced by Y201 cell line are comparable to native bone, and present a 
multimodal distribution. As an explanation, these bone nodules may present both mature (stiff 
phase) and immature (compliant phase) state. However, there is no direct evidence to support 
this assumption. As another explanation, similar to native bone, the multimodal distribution is 
more likely due to the anisotropic behaviour of these bone nodules, which has been revealed in 
the polarized light images. The ratio of elastic modulus and hardness at these two orthogonal 
directions (or between stiffer and softer phases) can be up to 2 and 5, respectively. The bone 
nodules produced by cells in basal medium appear to be stiffer and more anisotropic compared 
to that in osteogenic medium, as confirmed in both nanoindentation tests and polarized light 
images. In the polarized light images, an anisotropic collagen fibre distribution has been 
observed on BM samples and a relatively uniform collagen fibre distribution has been observed 
on their counterparts from OM. This anisotropic collagen fibre distribution explains the 
multimodal distribution of the mechanical properties, as confirmed in the FE simulations. 
From the point of culture period, it has also been shown that the cell culture duration does 
not affect the elastic modulus and hardness in the transverse direction but it significantly affects 
the elastic modulus and hardness at longitudinal direction after day 7. When cell culture period 
reaches 14 days, the matrix becomes stabilized in the longitudinal direction and there is no 
further change with the cell culture period. In addition, mineralized matrix has revealed a more 
porous structure at day 7, compared to that at day 14 and 21, which explains the wider span of 
the distribution of measured mechanical properties at day 7. For both basal and osteogenic 
media, the bone nodules have exhibited reverse aging behaviour compared to native bone. This 
is possibly due to the fact that cell proliferation outcompetes the mineralization process.  
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